Graphene offers a possibility for actively controlling plasmon confinement and propagation by tailoring its spatial conductivity pattern. However, implementation of this concept has been hampered because uncontrollable plasmon reflection is easily induced by inhomogeneous dielectric environment. In this work, we demonstrate full electrical control of plasmon reflection/transmission at electronic boundaries induced by a zinc-oxide-based dual gate, which is designed to minimize the dielectric modulation. Using Fourier-transform infrared spectroscopy, we show that the plasmon reflection can be varied continuously with the carrier density difference between the adjacent regions. By utilizing this functionality, we show the ability to control size, position, and frequency of plasmon cavities. Our approach can be applied to various types of plasmonic devices, paving the way for implementing a programmable plasmonic circuit.
inhomogeneous chemical doping [17] [18] [19] has been observed, these boundaries are unerasable and thus the plasmon reflection cannot be turned off.
To achieve the full control of plasmon reflection/transmission in graphene, independent control of the carrier density on both sides of an electronic boundary is necessary. The optical conductivity of graphene depends on the carrier density n (or Fermi energy F ∝ ±�| | ), with + for electrons andfor holes) as 20 where e is electron charge, B is Boltzmann's constant, ω is angular frequency, τ is scattering time, and T is temperature. Plasmon reflection at a boundary for a step-like σ change is given by 21 This can be varied between zero and unity by tuning the carrier densities 1, 2 . Therefore, by tailoring the spatial profile of the carrier density, it is possible, in principle, to construct a plasmonic circuit in a continuous graphene sheet.
To control the carrier density profile, electrical gates are ineluctable. Moreover, an electronic boundary has to be sharp to prevent the deterioration of the performance of plasmonic devices, and modulation of the electromagnetic environment must be avoided; otherwise, uncontrollable plasmon reflection is inevitable. The first requirement can be satisfied by placing a patterned gate close to graphene as has been employed for controlling reflection of ballistic electrons at DC regime [22] [23] [24] . However, the nearby gate electrode easily affects the electromagnetic environment, so the selection of the gate material satisfying the second requirement is the key issue for the full electrical control of the plasmon reflection. To find an appropriate material, we simulated the coupling in the THz range between uniform graphene and a patterned gate for several conductivity values of the gate electrodes [ Fig. 1(a) ]. When the gate conductivity is high, acoustic plasmons with the electric field confined between graphene and the gate electrode are formed [inset of Fig. 1(a) ] 25,26 . This induces unwanted plasmon reflection at the gate boundaries, giving rise to absorption peaks in the transmission spectrum. When the conductivity is lower 
where α, β, and γ are coefficients. Then, as the measure of the plasmon reflection coefficient, we calculated the area ratio r = Lor /( Lor + Dru ), where Lor and Dru are the spectral areas of the Lorentzian and Drude components [pink and sky blue areas in Fig. 4 (a)], respectively ( r = 0 and 1 for the perfect transmission and full reflection, respectively). Figure 4 In conclusion, we controlled plasmonic response in a continuous graphene sheet by modulating the spatial profile of the carrier density. We demonstrated that position, size, and frequency of plasmon cavities can be controlled electrically. We also showed continuous variation of the plasmon reflection coefficient at a boundary for a step-like change in the carrier density. These functionalities can be applied to a variety of plasmonic applications, not limited to cavities. As it is possible to make the ZnO/Al 2 O 3 gate multilayer on top and bottom of a graphene sheet, a complex carrier density pattern can be formed. Therefore, our device structure can be a platform for implementing a programmable plasmonic circuit.
planned the experiments, discussed the results, and wrote the manuscript. All the authors commented on the manuscript. Here, we present the full set of the spectra (Fig. S2 , left) and
the Lorentzian components (Fig. S2, right) . Figure S2 . Extinction spectra (left) and Lorentzian components (right) for | ZnO | = 0 ∼ 5.4 × 10 12 cm −2 and | Si | = 2.7 × 10 12 cm −2 .
Plasmon reflection coefficient for | | > 0 and | | ∼ 0
As shown in Fig. 4(b) of the main manuscript, the Drude component is finite even when graphene regions on the ZnO or Si gates are set to the CNP. This is due to the finite conductivity at | | ∼ 0 caused by the finite temperature and potential fluctuations F induced by disorder. To identify the main cause, we plot r for | ZnO | ∼ 0 as a function of | Si | obtained from three samples, A, B, and C, in Fig. S3(b) (sample A was the one used to acquire the data in Figs. 2 and 4 , while sample B is the one for Fig. 3 ). The Figure S4 shows an AFM image of our graphene device. Brighter and darker regions correspond to the graphene regions on the ZnO and Si gates, respectively. The step between the two regions is about 15 nm. The AFM image also reveals that monolayer graphene has been uniformly transferred onto the patterned substrate.
AFM image of the sample
Since the step height is two orders of magnitude smaller than the plasmon wavelength, it is reasonable that plasmon reflection is not induced by the step [S1]. 
Electromagnetic simulation of graphene plasmon
A two-dimensional (2D) finite element calculation was performed using commercially available software (COMSOL) to investigate the influence of the gate electrode on the plasmonic response of the continuous graphene. We calculated THz extinction spectra of our device structure, including Al We used gate = 50 THz for every simulation, which is reasonable for the ZnO gate [S2].
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